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The proton-reduction catalytic activity of two di-iron hydrogenase complexes, [(l-S2C3H6)[Fe(CO)3]
[Fe(CO)2(PPh3)] (1) and (l-S2C3H6)[Fe(CO)3][Fe(CO)2(PPh2{(CH2)2SH})] (2), was investigated at polycrys-
talline and (111)-faceted Au electrodes in nonaqueous electrolyte. Compound (2) was irreversibly
tethered to the surface through the ASH group; (1) was present only in the unadsorbed (dissolved) state.
No enhancement of the proton reduction reaction was observed with the homogeneous complex. Pro-
nounced catalysis was exhibited by the heterogenized (surface-attached) material. Neither increase
nor decrease in activity was observed when unadsorbed complex (2) was added to the solution of the het-
erogenized catalyst. The conclusion from these observations, that no catalysis transpires unless the sub-
ject molecular complex is tethered to the electrode surface, is totally unexpected; it runs counter to
conventional wisdom that an untethered homogeneous electrocatalyst, especially one that requires a
particular entatic (partially rotated) conﬁguration to complete its function, would invariably perform
better than its surface-immobilized counterpart. The heterogenized complex, present at rather low cov-
erages due to its sizable adsorbed-molecule cross section, was further investigated by polarization-mod-
ulation Fourier transform infrared reﬂection absorption spectroscopy (PM-FT-IRRAS), high-resolution
electron-energy loss spectroscopy (HREELS), X-ray photoelectron spectroscopy (XPS) and scanning tun-
neling microscopy (STM). The electrochemistry (EC) and STM results indicated that the catalytic activity
of the immobilized complex is a function of its surface coverage but not of its spatial conﬁguration; the
catalytic sites are accessible regardless of the particular arrangement of the pendant active site with
respect to the surface. The surface-immobilized complex suffered a non-negligible loss in catalytic activ-
ity after the ex situ experiments, perhaps due to (partial) decarbonylation.
 2014 Elsevier B.V. All rights reserved.1. Introduction
Nature has a wealth of catalysts, predominantly biological in
purpose, that exhibit unparalleled selectivity and exceptional
efﬁciency. The fact that these macromolecular reaction-enablers
have taken eons to evolve to their present structures, perfectly
optimized for one in vivo function, has not deterred researchers
from attempts to create less intricate mimics, for similar ex vivo
applications. The essence of such endeavors has been to construct
small-molecule architectures, guided by computational studiesbased on actual protein conformations, around the active site of
the to-be-simulated enzyme. The pursuit of synthetic analogues
for the hydrogenase enzymes [1–4] to serve as affordable alterna-
tives to platinum in the hydrogen–oxygen fuel cell is a well-docu-
mented example of this approach. While research has been
extensive in the preparation of enzyme-based molecular catalysts,
systematic work on the implantation of the homogeneous com-
plexes on electrode surfaces to serve as heterogeneous catalysts
is comparatively sparse. In this regard, we have pursued studies
geared towards a better understanding of the structural and
compositional properties that govern the performance of surface-
immobilized molecular catalysts. An immediate interest is the
effect of surface attachment on the electrocatalytic activity of an
enzyme-inspired homogeneous complex. At the outset, the
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rotational mobility, the heterogenization of a homogeneous com-
plex would diminish its electrocatalytic activity. The degree of
diminution cannot be predicted a priori, but could possibly be
moderated by careful control of interfacial parameters such as cov-
erage and mode of chemisorption.
In this study, the catalysis of the hydrogen evolution reaction
(HER) by two di-iron complexes [(l-pdt)[Fe(CO)3][Fe(CO)2(PPh3)]
(1) and (l-pdt)[Fe(CO)3][Fe(CO)2(PPh2{(CH2)2SH})] (2), where
(pdt = 1,3-propanedithiolate), was compared at a smooth (ther-
mally annealed) polycrystalline and monocrystalline Au elec-
trodes. The ethyl mercaptan group in the complex (2) serves to
tether it irreversibly to the Au surface such that the electroactive
di-iron moiety is pendant; in the absence of a surface-anchor
group, compound (1) was not adsorbed and existed only in
solution. Gold was the electrode of choice since it is not catalytic
towards H2-oxidation or H+-reduction; any electrocatalytic effect
would thus be attributable solely to the hydrogenase-based molec-
ular catalyst. At the outset, a difference in catalytic activity is to be
expected since complex (2) will be present solely in the chemi-
sorbed state, whereas compound (1) will remain dissolved in
solution.
In addition to characterization by electrochemistry (EC), the
surface-tethered complex (2) was interrogated by: polarization-
modulation Fourier transform infrared reﬂection absorption spec-
troscopy (PM-FT-IRRAS) and high-resolution electron-energy loss
spectroscopy (HREELS) for molecular integrity; X-ray photoelec-
tron spectroscopy (XPS) for adlayer elemental composition, and
scanning tunneling microscopy (STM) for pre-catalysis adlayer
conﬁgurations.Fig. 1. Current–potential plots in 0.1 M n-Bu4NBF4 and CH3CN on a polycrystalline
Au bead at different concentrations of acetic acid. (A) Unadsorbed (l-pdt)[Fe(CO)3]
[Fe(CO)2(PPh3)]; the dashed curve represents the voltammogram for the complex-
free Au surface. (B) Surface-immobilized (l-pdt)[Fe(CO)3][Fe(CO)2(PPh2{(CH2)2
SH})] only. (C) Chemisorbed complex in the presence of unadsorbed compound
(2). Experimental conditions were as described in the text.2. Experimental
For solely electrochemical experiments, work was carried out
with either a polycrystalline Au bead electrode (ASurface = 0.32 cm2)
prepared by the Clavilier method [7]. For XPS, IR and HREELS, thin
(0.2 mm) foils (ASurface = 1 cm2), metallographically polished, were
employed; for STM, a thermally annealed Au(111) single-crystal
gold foil (ASurface = 0.78 cm2) was used. Prior to each voltammetric
run, the Au surface was cleaned in 1.0 M H2SO4 by sequential
anodic oxidation (1.5 V versus Ag/AgCl reference) and cathodic
reduction (0.25 V). The electrochemical measurements were,
however, undertaken in non-aqueousmedia (CH3CN) as the subject
compounds are insoluble in water; n-Bu4NBF4 (0.1 M) was the sup-
porting electrolyte. Whereas the polycrystalline samples were im-
mersed in the electrolytic solution, a hanging meniscus
conﬁgurationwas adopted for the Au(111) electrode. The reference
was aAg/Ag+ electrode, preparedbyanodizationof a silverwire in an
acetonitrile solution that contained 0.01 M AgNO3 and 0.1 M
n-Bu4NBF4. A platinum wire was used as the counter electrode. For
the mercapto-free complex, proton-reduction voltammograms
were performed in solutions that contained 0.5 mM of the di-iron
complex. For the mercapto-substituted complex, only surface-
attached species were investigated; In one variation, however,
0.5 mM of (2) was added to ascertain if the excess unadsorbed
complex would augment the catalysis of the pre-immobilized com-
plex. Changes in pHwere accomplished by incremental addition, via
a microsyringe, of glacial acetic acid. Unless otherwise indicated,potentials reported are relative to an internal-standard Fc+/Fc redox
couple. Cyclic voltammograms were obtained with either a BAS-
100W (BASi, West Lafayette, IN) or an EA161 (eDAQ, Colorado
Fig. 2. PM-FT-IRRAS spectrum of (l-pdt)[Fe(CO)3][Fe(CO)2(PPh2{(CH2)2SH})] chemisorbed on a metallographically polished polycrystalline Au foil. Experimental conditions
were as described in the text.
Fig. 3. HREELS spectrum of (l-pdt)[Fe(CO)3][Fe(CO)2(PPh2{(CH2)2SH})] surface-
tethered on a metallographically polished polycrystalline Au foil; this is the same
sample used in the PM-FT-IRRAS measurements (Fig. 2). Experimental conditions
were as described in the text.
Table 1
Comparison of PM-FT-IRRAS and HREELS spectral peak assignments.
Vibrational mode HREELS frequency (cm1) FTIR frequency (cm1)
Ar m(CAH) Masked by adjacent peak 3046
Alkyl m(CAH) 2811 2920
2850
Ar m(C@C) Masked by adjacent peak 1588–1437
Alkyl x(CAH) 1286 1263
m(PAAr) Masked by adjacent peak 1131
Ar d(CAH) 977 1069
1040
1021
996
m(CAS) 665 Out of MCT range
B. Chmielowiec et al. / Journal of Electroanalytical Chemistry 716 (2014) 63–70 65Spring, CO) potentiostat in a three-electrode conﬁguration. The cell
was a commercial single-compartment glass vessel (BASi) that,
subsequent to solution-deaeration, was blanketed with N2 gas
throughout the catalysis experiments. The potential scan rate used
was 200 mV s1.
The di-iron compounds were synthesized and puriﬁed accord-
ing to literature procedures [5,6]. The surface attachment of themercapto-substituted di-iron complex was enforced by a three-
minute immersion, at open circuit, of the Au electrode in a de-oxy-
genated acetonitrile solution that contained 0.1 mM or 0.05 mM of
the complex; no difference in coverage or reactivity was observed
when the self-assembly was allowed to take place overnight. To re-
move unadsorbedmaterial, the electrode was ﬁrst rinsed with pure
solvent and then with acetone; it was subsequently dried by a
stream of Ar gas.
The STM images, in air, were obtained with an Agilent 5500
Scanning Tunneling Microscope (Agilent Technologies, Santa Clara,
CA). The STM tips were prepared by an electrochemical etch of a
0.25-mm tungsten wire (Sigma–Aldrich, St. Louis, MO) in 0.1 M
KOH at ca. 15 V. All the images were obtained with a high-resolu-
tion scanner in a constant-current mode without post-scan pro-
cesses such as high-pass ﬁltering. A bias voltage EB of 0.5 V and
tunneling current It of 1 nA were employed.
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on a metallographically polished Au foil was obtained with a Nico-
let 6700 FT-IR spectrometer (Thermo Electron Scientiﬁc, Madison,
WI) coupled to a Nicolet Tabletop Optical Module (TOM) that held
the grazing-incidence (85) sample holder, a Hinds PEM-100
photoelastic modulator (Hinds Instruments, Portland, OR), and
the liquid-nitrogen-cooled narrow-band MCT detector; both com-
partments were simultaneously purged with dry N2 gas prior to
and during the acquisition of the spectrum. A synchronous sam-
pling demodulator (GWC Technologies, Madison, WI) was used
with the PEM pre-set at 2500 cm1 and 1700 cm1 half-wave
retardation to maximize the reﬂectance signals in the alkyl stretch
and ﬁngerprint regions [8].
To obtain the vibrational spectrum of the surface-attached com-
plex by HREELS, an EA5000MCA spectrometer (LK Technologies,
Bloomington, IN) was utilized. Experimental parameters included
a beam energy of 7.6 eV and resolution of 10 meV (80 cm1); the
spectrum was collected only along the specular direction, 70 from
the surface normal. The vibrational energy loss was calibrated by
setting the elastic peak to zero meV.
X-ray photoelectron spectroscopy (XPS) was carried out on an
AXIS Ultra DLD instrument (Kratos Analytical, Manchester, UK) at
a nominal background pressure of 1  109 Torr. High-intensity
excitation was provided by monochromatic Al Ka X-rays,
1486.6 eV in energy and 0.2 eV resolution at full width at half max-
imum. Photoelectrons were collected at 0 from the surface normal
and at a retarding (pass) energy of 80 eV for the survey scans;
20 eV for the high-resolution scans. For comparative purposes,
the XPS spectrum for mercapto-free complex (1) was also ob-
tained; but drop cast ﬁlms had to be deployed since the complex
is not chemisorbable: Four drops of 0.5 mM complex was applied
onto a 1 cm2 gold foil and the solvent evaporated by dry N2 gas
over several hours.ig. 4. Survey XPS spectra. (A) (l-pdt)[Fe(CO)3][Fe(CO)2(PPh2{(CH2)2SH})] chemi-
rbed on a smooth polycrystalline Au foil. (B) (l-pdt)[Fe(CO)3][Fe(CO)2(PPh3)]
rop cast ﬁlm onto Au. Experimental conditions were as described in the text.3. Results
Fig. 1 shows cyclic voltammograms of di-iron complexes (1)
and (2), at smooth polycrystalline Au, as functions of acetic acid
concentration; such current–potential plots serve to illustrate the
respective electrocatalytic activities of the subject compounds.
Fig. 1(A) is for the homogeneous complex only; Fig. 1(B) is for
the heterogenized complex alone, and Fig. 1(C) is for when
0.5 mM of unadsorbed compound (2) was added to the solution
that contained the chemisorbed complex. It should be noted that
the dashed curve in Fig. 1(A) represents the blank (complex-free)
surface since no chemisorption results when the Au electrode is
exposed to complex (1). It can be argued that, based on the data
in Fig. 1(A), no proton-reduction catalysis was brought about by
the unbound complex: (a) There is still essentially zero cathodic
current after addition of even 4 equivalents of HOAc; in compari-
sion, 4 mA cm2 are already shown by the immobilized catalyst
at this (low) level of acidity. (b) There is no clear pattern of pH-
dependence for the dissolved catalyst, as there is for the chemi-
sorbed complex. (c) There is no pronounced reduction wave for
the unadsorbed complex, just a rather slow, monotonic cathodic
drift. Also obvious from Fig. 1(B) and (C): the surface-tethered
complex exhibited pronounced electrocatalysis, but the addition
of dissolved mercapto-substituted complex neither augmented
nor diminished the activity of the heterogeneous catalyst. Overall,
the results provide evidence that no catalysis is possible, at least on
Au electrodes, unless the hydrogenase complex is irreversibly
chained to the surface.
The baseline-corrected PM-FT-IRRAS spectrum of complex (2) is
shown in Fig. 2 along with the spectral assignments. After three
hours of dry-N2 purge, one thousand polarization-modulatedinterferometric scans were collected at grazing (85) incidence
and processed by the Nicolet OMNIC software. The pseudo-absor-
bance is depicted in Fig. 2 in terms of (DR/R)Normalized = (DR/R)Sam-
ple/(DR/R)Au, where DR is proportional to the demodulated
(difference) reﬂectance signal, (Ip – Is), and R the non-demodulated
(sum) signal, (Ip + Is); Is and Ip, respectively, denote the intensities
of the reﬂected s-polarized and p-polarized infrared radiation. All
the observed peaks are as expected from the structure of the com-
plex [9]. However, no peaks were observed for the CAS, FeAFe,
FeAC and C„O vibrations. The absence of the non-carbonyl stretch
modes is expectable since those are either overly weak in intensity
and/or too low in frequency to be observed by surface infrared
spectroscopy. It is not understood, however, why no C„O peak ap-
pears in the 2000 cm1 region.
After the PM-FT-IRRAS measurements, the sample was left in-
side the N2-purged TOM for at least seven days while on queue
for the use of the HREELS instrument. The vibrational energy loss
spectrum of the week-old surface-tethered complex is displayed
in Fig. 3. Given the low resolution of the HREEL spectrometer, the
spectral features in this ﬁgure are not inconsistent with those for
the PM-FT-IRRAS spectrum (Fig. 2) since the elastic peak calibra-
tion bears an uncertainty of ±40 cm1. In addition, there is a strong
likelihood that closely adjacent peaks in the IR spectrumwould ap-
pear as a single broad peak in HREELS. The correlation between theF
so
d
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important to mention that: (i) the m(CAS) stretch mode at
665 cm1 is too low in energy for an infrared MCT detector which
is the reason it is not IR-observed; and (ii) the carbonyl peaks that
are missing in the PM-FT-IRRAS spectrum are likewise absent in
the HREELS results.
XPS spectra for both complexes, drop cast ﬁlm (1) and mono-
layer-chemisorbed (2), are presented in Figs. 4–6; survey scans
prior to electrocatalysis measurements appear in Fig. 4, whereas
high-resolution scans are featured in Figs. 5 (C 1s and O 1s) and
6 [Fe 2p and (l-pdt) S 2p]. The survey spectra for the two com-
plexes resemble one another in terms of peak binding energies
[10], but not with respect to peak intensities which, consistently,
are higher for the drop cast ﬁlm. The trend is the same for the
high-resolution scans for Fe and l-S. It is important to mention,
however, that the O 1s and C 1s peaks for the chemisorbedmaterial
are attributable only to the so-called ubiquitous carbon and oxy-
gen; that is, there are no indications of carbonyl-associated peaks
in the XPS spectrum of the surface-bound complex. In comparison,
carbonyl O and C signals are noticeable, albeit not that prominent,
for the drop cast ﬁlm. But it must be realized that, based on the
solution concentration, the drop volume, the Au surface area, and
the estimated adsorbed-molecule cross section (ca. 120 Å2 from
space-ﬁlling molecular models [11]), the quantity of complex (1)
in the ﬁlm is equivalent to about 500 monolayers. In other words,
it should not be considered anomalous for the carbonyl C and O
peaks to be unobserved if complex (2) is monolayer-chemisorbed
since, even at quantities up to three orders of magnitude higher,
the peak intensities for complex (1) do not overwhelm; the surfaceFig. 5. High-resolution XPS spectra in O 1s and C 1s regions for mercapto-substituted (m
smooth polycrystalline Au foil. Experimental conditions were as described in the text.coverage (C  1010 mol cm2) of the mercapto-substituted com-
plex is simply too low and the sensitivity of XPS to the hydroge-
nase C„O group a bit insufﬁcient.
Fig. 7 shows STM images of complex (2) mercapto-tethered on a
Au(111) single-crystal surface. The top image is for the monolayer
generated from a 0.1 mM solution of the complex; the bottom im-
age is for the adlayer formed from 0.05 mM. The white dashed cir-
cles represent the estimated molecular cross-section of the
complex when viewed from the top. The images are not well-re-
solved at the molecular level but the existence of close-packed, al-
beit disordered, adsorbates is easily discernible. The stark
difference between the top and bottom images is also indisputable;
for example, the texture of the bottom image is considerably
smoother. It must be emphasized that the shaded areas in the
top image, do not represent pits on the Au substrate but are voids
between the pendant head groups of the complex. On the other
hand, the dark spots in the bottom image, are etch pits on the me-
tal surface that are characteristic of mercapto compounds self-
assembled on Au; such pits are monoatomic vacancies that result
from the extraction of surface atoms to yield substrate-adsorbate
moieties [12]. The line scans or height-proﬁle measurements asso-
ciated with each adlayer are shown in the lower portions of the
STM images in Fig. 7. The average height of the molecules chemi-
sorbed at the higher concentration is ca. 8 Å, whereas that at the
lower (0.05 mM) concentration is only ca. 2 Å.
In view of the dependence of the STM results on adsorbate cov-
erage, cyclic voltammograms in the proton-reduction region were
obtained for monolayer and submonolayer coverages. The results
are shown in Fig. 8. The catalytic activity of the monolayer complexonolayer chemisorbed) complex and mercapto-free (drop cast ﬁlm) complex on a
Fig. 6. High-resolution XPS spectra in Fe 2p and S 2p regions for mercapto-substituted (monolayer chemisorbed) complex and mercapto-free (drop cast ﬁlm) complex on a
smooth polycrystalline Au foil. Experimental conditions were as described in the text.
68 B. Chmielowiec et al. / Journal of Electroanalytical Chemistry 716 (2014) 63–70is almost twice as high as that of the submonolayer complex; evi-
dently, as prepared, the surface coverage of the submonolayer ﬁlm
is essentially one-half that of the full monolayer.
Current–potential plots were also obtained for the surface-teth-
ered complex (2) before and after the ultrahigh vacuum spectros-
copy experiments. For the pre-spectroscopy voltammograms, a
half-coverage layer was employed. However, a full-coverage adlay-
er was used in the surface analytical experiments subsequent to
which the voltammetric plots were acquired. Fig. 8 summarizes
the results. It is obvious that the heterogenized catalyst, after it
is subjected to surface spectroscopy, suffers a noticeable loss, by
approximately 30%, in catalytic activity.
4. Discussion
A variety of di-iron hydrogenases has been studied previously at
glassy carbon electrodes in nonaqueous solvents [13] with respect
to homogeneous proton-reduction catalysis. DFT-based computa-
tional work has also been implemented [14]. For hexacarbonyl
complexes with weak acids such as CH3COOH (HOAc), the catalysis
proceeds via an EECC mechanism [13,14]:
FeI—FeI
h i
þ e ¼ Fe0—FeI
h i
ð1Þ
Fe0—FeI
h i
þ e ¼ Fe0—Fe0
h i2
ð2Þ
Fe0—Fe0
h i2
þHþ ¼ H—FeII    Fe0
h i
ð3Þ
—H—FeII    Fe0
h i
þHþ ¼ FeI—FeI
h i
þH2: ð4ÞFor tetracarbonyl complexes di-substituted with trimethyl-
phosphine, the catalysis is thought to follow an ECCE pathway
[13,14]:
FeI—FeI
h i
þ e ¼ Fe0  FeI
h i
ð5ÞFe0—FeI
h i
þHþ ¼ H—FeII    FeI
h i
ð6ÞH—FeII    FeI
h i
þHþ ¼ H2—FeII    FeI
h i
ð7ÞH2—Fe
II    FeI
h i
þ e ¼ FeI—FeI
h i
þH2: ð8Þ
The EECC mechanism indicates that proton reduction and sub-
sequent hydrogen evolution [reactions (3) and (4)] take place only
after the FeI–FeI moiety is reduced to [Fe0–Fe0]2. In the ECCE
route, insertion of the second proton occurs prior to the second
reductive electron-transfer step. Regardless of the actual mecha-
nism, it is evident that, unless the di-iron hydrogenase mimic is at-
tached to the surface with the redox-active site as a pendant,
neither reactions (1), (2) nor (5) will transpire. The reasons for this
have not been pinned down at this time although it is likely that
the unadsorbed complex is blocked, perhaps by the electrosorption
of the appreciably large tetra-n-butyl ammonium cations, from en-
try into the outer Helmlholtz plane where the electron-transfer
reactions occur. It is clear, nevertheless, that the difference in cat-
alytic behavior is not due to the dissimilarity in the molecular
identities since the addition of unadsorbed complex (2) in solution
neither increased nor decreased the activity of the complex that
had been pre-chemisorbed.
Fig. 7. STM images, obtained in air, of (l-pdt)[Fe(CO)3][Fe(CO)2(PPh2{(CH2)2SH})]
chemisorbed on a Au(111) single-crystal surface. Top (a) Monolayer coverage. Top
(b) Height proﬁle of close-packed adlayer under the line. Bottom (a) Sub-monolayer
coverage. Bottom (b) Height proﬁle of adlayer under the line. The dashed circles
represent the estimated molecular cross section of a vertically oriented chemi-
sorbed complex when viewed from the top. Experimental conditions were as
described in the text.
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ate (the dihydrogen molecule bound to iron prior to H2 release)
must occur at a terminal, not a bridge, site as can only occur on
a ‘‘rotated’’ iron [14]. It is remarkable that such entatic process is
not hindered even if the complex is immobilized at densely packed
coverages on the Au surface.
The linear dependence of the cathodic current peak to the pro-
ton-ion (or acid) concentration is in agreement with previous
observations [13] for homogeneous complexes on glassy carbon.
As may be observed in Fig. 8, such acid-concentration dependence
remains the same even if the surface coverage of the heterogenized
catalyst is decreased in half. It is of additional interest to relate sur-
face coverage and catalytic activity to the spatial conﬁguration of
the immobilized catalyst; this can be done from the STM images
in Fig. 7. First of all, it needs to be noted that the chemisorbed com-
plexes, while not well-ordered, are intimately packed; in other
words, adsorbate–adsorbate interactions within the adlayer are
predominantly attractive. More importantly, it may be inferred
that the heterogenized catalyst in the top image is a complete (sat-
urated) monolayer with the admolecules oriented vertically. In the
bottom image, it is indicated that the chemisorbed layer is of lower
(submonolayer) coverage with the admolecules conﬁgured in a
tilted-horizontal orientation. Such orientation assignments are
supported by the line scans (height proﬁles) shown at the lower
portion of each image. At monolayer coverage, the average molec-
ular height is ca. 8 Å; that at submonolayer coverage is only ca. 2 Å.
It must be underscored that the latter value does not actually rep-
resent the thickness of the horizontally tilted molecules but the
distance between the heads of one molecule on a terrace and an-
other embedded on an etch pit. The data in Figs. 7 and 8 may serve
as evidence that the proton-reduction catalytic activity of the
immobilized complex is a function of its surface coverage but not
of its orientation; that is, the di-iron active sites are catalytically
accessible whether the molecule adopts an essentially vertical or
near-horizontal spatial arrangement on the surface.
As noted above, neither the PM-FT-IRRAS nor the HREELS
spectra showed carbonyl stretch peaks despite the fact that the
complex consists of ﬁve metal-coordinated C„O groups. The fact
that the surface coverage is rather paltry that even XPS is unable
to detect the carbonyl groups is certainly part of the reason. Addi-
tional insight may be gained from an examination of Fig. 9 which
depicts the catalytic activity of the heterogenized complex after
the ex situ experiments. A decrease, noticeable but not quantitative,
in catalytic activity is shown by the data; such diminution in activity
is indicative of the fact that the surface spectroscopic measurements
induced appreciable, but not total, alterations in the structure and/
or composition of the heterogenized complex (e.g., partial decarb-
onylation) that renders it catalytically inactive. Further work is
certainly necessary to address this particular issue exhaustively.5. Conclusions
The electrocatalytic activity towards proton reduction of two
di-iron hydrogenase complexes, [(l-S2C3H6)[Fe(CO)3][Fe(CO)2
(PPh3)] (1) and (l-S2C3H6)[Fe(CO)3][Fe(CO)2(PPh2{(CH2)2SH})] (2)
was investigated at polycrystalline and (111)-faceted Au elec-
trodes in nonaqueous electrolyte. Compound (2) was irreversibly
tethered to the surface through the ASH group but at rather low
coverage due to the sizable adsorbed-molecule cross section; (1)
was present only in the unadsorbed (dissolved) state. No catalyzed
hydrogen evolution was observed with the homogeneous complex.
Pronounced catalysis was exhibited by the heterogenized (surface-
immobilized) material; but neither increase nor decrease in
Fig. 8. Current–potential plots of (l-pdt)[Fe(CO)3][Fe(CO)2(PPh2{(CH2)2SH})] surface-immobilized, at two different coverages, on a Au(111) single-crystal surface as a
function of acetic acid concentration before the ex situ spectroscopy experiments. Monolayer coverage was prepared by chemisorption from a 0.1 mM solution of complex,
submonolayer coverage from 0.05 mM solution. Experimental conditions were as described in the text.
Fig. 9. Cyclic voltammograms of chemisorbed (l-pdt)[Fe(CO)3][Fe(CO)2(PPh2{(CH2)2SH})] at pre-selected concentrations of acetic acid concentration before and after the ex
situ spectroscopic experiments. Left: Surface immobilization on a Au(111) single-crystal surface. Right: Surface attachment on a smooth polycrystalline Au foil. Experimental
conditions were as described in the text.
70 B. Chmielowiec et al. / Journal of Electroanalytical Chemistry 716 (2014) 63–70activity was observed when unadsorbed complex (2) was added to
the solution of the hydrogenase-modiﬁed electrode. For the subject
compounds on Au, no catalysis transpired unless the molecular
complex was chemisorbed on the electrode surface. The catalytic
activity of the immobilized complex is a function of its surface cov-
erage but not of its spatial conﬁguration; the catalytic sites are
accessible whether the molecule is near-horizontally or vertically
arranged on the surface. The surface-immoblized complex suffered
a non-negligible loss in catalytic activity after the ex situ experi-
ments, probably due to (partial) decarbonylation.Acknowledgments
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